Introduction senger regulates multiple downstream responses. In fact, many responses display similar kinetics and sevMany cells have a biochemical compass that allows eral are known to occur at the leading edge of the cell, them to sense the direction of extracellular stimuli and suggesting a level of coordination. We have proposed guides their movements along chemoattractant gradithat specific phosphoinositides act as a "node" in the ents (Parent and Devreotes, 1999; Rickert et al., 2000) . chemoattractant signaling pathway and that downThis process, called chemotaxis, plays a role in normal stream components bearing PH domains and involved physiological events such as lymphocyte homing, angiin pseudopodia extension are directed to the site on the ogenesis, embryogenesis, and wound healing and in membrane marked by highest concentration of these diseases such as asthma, multiple sclerosis, arthritis, lipids (Parent et al., 1998) . and cancer (Wardlaw et al., 2000; Baggiolini, 2001 ). In Thus far, a causal relationship between the elicited many instances, the chemoattractants are detected by appearance of specific phosphoinositides, actin poly-G protein-coupled receptors, which control numerous merization, other physiological responses, and direccellular processes including cell polarization-chemotional pseudopod extension has not been established. tactic cells are typically elongated and more sensitive to Evidence suggesting a role of phosphatidylinositol attractant at one end-and directional sensing, relatively 3-kinases (PI3K) in directed migration has been confusunpolarized cells are able to detect shallow external ing. D. discoideum cells lacking multiple PI3Ks have gradients. A current challenge is to elucidate the signal alternately been described as displaying either faster or transduction events that mediate cell polarization and frame, transformed cells, and screened for homologous actin polymerization remain to be defined. We reasoned recombination events by PCR and Southern analysis. that investigation of PTEN in a biochemically and microSeveral positive clones were found in a search of over scopically accessible cell, such as D. discoideum, would 1200 drug-resistant colonies from six independent clearly elucidate the link between these lipids, the physitransformations. As shown in Figure 1A , specific primer ological responses triggered by chemoattractants, and sets showed bands of the expected size in pten Ϫ and directional sensing.
wild-type clones. Southern blots showed that several copies of the plasmid had inserted into a single site Results within the PTEN locus (data not shown). The extremely low efficiency of gene disruption is attributed to the slow growth rate of the disruptants. In axenic HL-5 medium, Isolation and Disruption of an Ortholog of the PI 3-Phosphatase and Tumor Suppressor PTEN the pten Ϫ cells have a doubling time of 25 hr versus 11 hr for the wild-type. The origin of the slower growth rate To interfere with the regulation of PI(3,4,5)P 3 and PI(3,4)P 2 , we sought and disrupted by homologous reis under investigation. All of the phenotypes of the pten Ϫ cells including the growth defect were reversed by excombination a putative PI 3-phosphatase in D. discoideum. A genomic search revealed seven sequences pression of the full-length PTEN cDNA from a constitutively active promoter. The PTEN/pten Ϫ as well as wildwith protein tyrosine phosphatase (PTP) motifs, but only one gene stood out as a bona fide ortholog of the human type cells were used as controls in subsequent characterization of the pten Ϫ cells. PTEN tumor suppressor gene. As illustrated in Figure  1A , the N-terminal half of the PTEN gene containing
The wild-type, pten Ϫ , and PTEN/pten Ϫ cells display Figure 6 and corresponding videos, versus wild-type cells; however, the differences were less pronounced (not shown).
the wild-type cells maintained a persistently focused leading edge that facilitated their movement directly toThe features of chemoattractant-induced actin polymerization in wild-type versus pten Ϫ cells differ dramatiward the source of the chemoattractant. In contrast, the pten Ϫ cells displayed a broad irregular front, often the cally (Figure 4) . In wild-type cells, stimulation typically triggers a biphasic response. An initial large peak occurs pten Ϫ cells extended three or more pseudopodia pointing generally but not directly up the gradient. Occasionat 6 s; it is followed by a rapid decrease and a subsequent broad low peak centered at 2 min. In the pten Figure 4A ). In four independent experiments, the F actin levels at 1 and 2 min were typically 6-fold The observations of pten Ϫ cells demonstrate that there is a causal link between PI(3,4,5)P 3 and PI(3,4)P 2 regulation, actin polymerization, and chemotactic refractionation and immunoblot analyses also indicated sponse. Whereas previous studies have illustrated a that the amount of PTEN-GFP associated with the memtemporal and spatial correlation between these lipids brane was reduced (data not shown). Interestingly, the and the physiological responses underlying pseudocytosolic version of PTEN-GFP was unable to rescue podia formation, the results reported here show a direct, the pten Ϫ cells, suggesting that membrane localization ordered relationship. In response to stimulus increis required for the function of PTEN in chemotaxis (data ments, the magnitude and time course of phosphoinosinot shown).
tide production are increased in cells lacking PTEN, and this leads to parallel alterations in actin polymerization.
Discussion
In gradients, the normal localization of PH Crac -GFP is dramatically broadened, and the region from which F We have previously proposed that detection of the exactin-filled pseudopodia are extended is correspondingly increased. All of these observations suggest that ternal gradient and localization of the response to the the inability to restrict the activity of the cytoskeletal exaggerated adenylyl cyclase activity perturbs the system so that continuous oscillations cannot be sustained. events to the leading edge of the cell underlies the observed chemotactic defects in the pten Ϫ cells. In the video, one or a few waves are typically fired before the center falls silent. However, these aberrant oscillaAdditional responses dependent on phosphoinositides and PH domain containing proteins are probably tions would not have affected our chemotaxis measurements. We monitored chemotactic behavior to exteraltered in the pten Ϫ cells. For instance, the magnitude of the adenylyl cyclase response is greater. This increase nally applied gradients in the presence and absence of inhibitors of adenylyl cyclase activation and observed is anticipated since activation of the adenylyl cyclases depends on Crac and significantly more Crac is recruited similar defects. We expect that protein kinase B is also more strongly activated in the pten Ϫ cells since its actito the membrane in the pten Ϫ cells ( 
